A common perception in limnology is that shallow lakes are homogeneously mixed owing to their small water volume. However, this perception is largely gained by downscaling knowledge from large lakes to their smaller counterparts. Here we show that shallow vegetated lakes (less than 0.6 m), in fact, undergo recurring daytime stratification and nocturnal mixing accompanied by extreme chemical variations during summer. Dense submerged vegetation effectively attenuates light and turbulence generating separation between warm surface waters and much colder bottom waters. Photosynthesis in surface waters produces oxygen accumulation and CO 2 depletion, whereas respiration in dark bottom waters causes anoxia and CO 2 accumulation. High daytime pH in surface waters promotes precipitation of CaCO 3 which is re-dissolved in bottom waters. Nocturnal convective mixing re-introduces oxygen into bottom waters for aerobic respiration and regenerated inorganic carbon into surface waters, which supports intense photosynthesis. Our results reconfigure the basic understanding of local environmental gradients in shallow lakes, one of the most abundant freshwater habitats globally.
Introduction
Small, shallow lakes are extremely abundant everywhere around the world in both natural [1, 2] and cultivated landscapes [3, 4] . They are vastly more abundant than the larger, deeper lakes [5] that have shaped our view on environmental variability [6, 7] , evolutionary processes [8] , regulation of food webs and carbon dynamics [8, 9] for the entire size range of lakes. Small shallow lakes are expected to show extensive seasonal and diel variations in temperature, oxygen and CO 2 because of their small water volume and intimate contact with sediments and water plants [10] . Moreover, small lakes display much greater inter-lake variability of physical, chemical and biological conditions than large lakes [9, 11, 12] . As a consequence, small lakes support a higher combined species richness of water plants and macroinvertebrates compared to larger lakes or streams within catchments [8, 12] .
In particular, there is one research area in which the lack of studies has led to skewed perceptions of the ecological characteristics of small, shallow lakes. Small lakes have usually been assumed to be well mixed and exhibit limited chemical variability as a consequence of the shallow water column; however, there is little justification [13, 14] . For this reason, small lakes have often been chemically characterized by a single, daytime water sample of surface waters. Nevertheless, recent studies document that stratification-mixing patterns can be very complex in shallow lakes with dense macrophyte stands thus causing extensive attenuation with water depth of both the light flux and the wind-driven turbulence [13, 15] . In addition to the high diel variability of temperature, oxygen, CO 2 and pH in small, shallow lakes, the hypothesis is that recurring daily stratification-mixing patterns [15] generate profound vertical variability between surface and bottom waters, and enforce diel variability in surface and bottom waters if the two water layers become isolated from the moderating effects of vertical mixing owing to daytime temperature stratification. Photosynthetic processes alone would then determine the chemical development in surface waters, while respiratory processes alone would determine the chemical development in bottom waters. This could represent a challenge for growth and survival of sessile animals, benthic macroalgae and rooted plants which have to withstand the highly variable environmental conditions.
With technical advancements of sensors and loggers which can measure temperature, light, oxygen, pH, conductivity, and water level continuously, it is possible to determine the stratification-mixing patterns along micro-gradients and test how extensive the variability of gases and solutes is in shallow lake habitats. By studying day-to-day dynamics, the four specific objectives were to determine: (i) vertical stratification and mixing patterns, (ii) diel extremes of temperature, oxygen, pH and inorganic carbon in surface and bottom waters, (iii) loss of dissolved inorganic carbon (DIC) by photosynthesis and calcification (i.e. Ca 2þ þ 2HCO
in surface waters as well as the replenishment of DIC by respiration and dissolution of CaCO 3 by the reverse processes in bottom waters [16] , and (iv) if the highly dynamic environment challenged the survival of charophytes or handed them a competitive advantage.
These objectives were addressed by measuring environmental conditions at high temporal and vertical resolution in four shallow, oligotrophic lakes with dense covers of characean macroalgae on the open south-Swedish alvar during spring and summer. In addition, the reproducibility of diel variations in temperature and oxygen in surface and bottom waters is reported. By studying diel variations in the vertical distribution of light, oxygen, sulfide, ferrous iron, calcium, total, and individual inorganic carbon species (DIC ¼ CO 2 
3 ) their coupling to photosynthesis and respiration were determined. Realizing that HCO À 3 is the main determinant of acid neutralizing capacity (ANC ¼ HCO
and closely linearly related to conductivity (electronic supplementary material, figure S1), ANC was continuously calculated from conductivity measurements. The determination of pH, ANC and temperature permitted calculation of DIC as well as all three inorganic carbon species. With the determination of CO 2À 3 and calcium, evaluation of the precipitation and dissolution of CaCO 3 was conducted on a continuous basis. We broaden the perspectives by comparisons with the chemical and hydrological dynamics of larger and deeper lakes with different stratification and mixing patterns.
Material and methods
The study was conducted in four small, shallow lakes ( Water levels were measured at 10 min intervals by comparing submerged pressure data loggers in each of the investigated lakes (HOBO U-20-001-04, Onset Computers, Bourne, MA, USA) to a similar logger in air. This allowed high-frequency calculations of water depth, surface area and water volume in each lake, while correcting for atmospheric changes in barometric pressure. In the intensely studied lake 1, surface area varied from 630-745 m 2 in late May to 825-859 m 2 in mid-August; maximum depth varied from 0.30 to 0.46 m. According to methods described previously [15] , meteorological parameters (incident light, wind speed and temperature) were measured next to the lakes at 2.0 m above the ground. Vertical profiles of light and temperature were measured at the deepest site in the lakes at 5 cm depth intervals at 10 min intervals using temperature-light sensors (HOBO UA-002-64, Onset Computers). Depth profiles of dissolved oxygen (MiniDOT sensors, PME, Vista, Ca, USA) and pH (pH-Temp2000 MadgeTech, Warner, NH, USA) were measured at 7 cm depth intervals every 10 min. Oxygen sensors were placed in anoxic and 100% oxygen saturated water before and after deployment. pH sensors were calibrated in standard buffer solutions at pH 4.0 and pH 7.0 and checked in the same buffer solutions after deployment. Neither the oxygen-nor the pH sensors showed any drift. Conductivity was measured at 10 min intervals (HOBO U24-001, Onset Computers) and corrected to 208C. Depth profiles of the photosynthetic active radiation (PAR, 400-700 nm) were measured with a small spherical quantum sensor (Waltz, Switzerland).
A vertical steel peg was installed in the centre of lake 1 in order to measure vertical profiles of solutes. Gas-impermeable rubber hoses (inner diameter 4 mm) were mounted at 7 cm intervals along the peg. The rubber hoses led to a platform located 2 m away just above the lake surface, from which water samples were collected with a syringe. The rubber hoses were fitted with valves to prevent reverse flow. During a diel cycle, water samples were collected and analysed by standard methods for DIC, ANC, calcium, ferrous iron, sulfide, ortho-phosphate, nitrate and ammonium [17, 18] figure S1 ). This relationship enabled continuous estimates of DIC and proportions of individual carbon species from measurements of temperature, pH and specific conductivity [19] .
The anoxic tolerance of charophytes in darkness was tested in replicate by exposing 5 cm long apical shoots in large closed glass bottles to variable periods (up to 72 h) of anoxia and reduced conditions in bottom waters collected from lake 1 at midday in early June 2016. After anoxic dark exposure, charophyte shoots were Table 1 . Mean vertical temperature differences in the water column as well as mean oxygen saturation in the surface-and bottom water during day and night at the deepest site in four small vegetated lakes in a 24-h period in early-June on the open alvar of Öland, Sweden. Surface area, maximum water depth and mean charophyte biomass are also shown. Lake 1 is the intensely studied lake. transferred to oxic water, but maintained in darkness for the remaining period (up to 72 h). Following this, their photosynthetic rate was measured in air-saturated lake water in glass bottles (50 ml) exposed to high illumination (400 mmol m 22 s
21
), constant temperature (208C) and stirred conditions for 90 min in an incubator [20] . Glass bottles filled with water served as blanks. Oxygen concentration was measured in the glass bottles by an oxygen optode (Firesting PyroScience, Aachen, Germany).
Results (a) Recurring daytime stratification and nocturnal mixing
The studied lakes showed profound diel temperature changes and a clear contrast between high surface temperatures and much lower bottom temperatures during daytime ( ) formed at 15-22 cm depth in lake 1. This exceptionally strong daytime vertical stratification can be explained by the dense vegetation reaching up to 5-10 cm below the water surface. The vegetation effectively attenuates the solar heat flux along with the wind induced turbulent mixing. Thus, in May, 90% of the short-wave radiation was absorbed within the upper 9-13 cm of the charophyte canopy (mean 10.6 cm, 95% confidence limits (C.L.) + 1.3 cm). The lake water was transparent, and vegetation was responsible for most (98%) of the light attenuation according to comparisons between vertical light profiles measured inside and outside the vegetation. Turbulence generated by wind shear on the lake surface was effectively dissipated by contact with the vegetation, thereby preventing full turbulent mixing, except on cold, windy days. Since the solar heat flux was absorbed within a thin surface layer, it became markedly warmer than the air (electronic supplementary material, figure S2 ). At night, cooling of surface waters to 0.1-4.18C below bottom temperatures (electronic supplementary material, table S1) produced inverse unstable water density profiles, which drove convective mixing of the shallow water column.
(b) Diel dissolved oxygen variations
Alternating daytime stratification and nocturnal mixing along with steep vertical attenuation of photosynthetic irradiance in dense submerged vegetation account for the astonishing vertical and temporal dynamics of oxygen, pH, ANC and inorganic carbon species. Diel dissolved oxygen cycles were similar during warm days in May (figure 1) and all days in August (figure 2). Minimum oxygen concentrations in surface waters occurred at sunrise (12-25% saturation) after a full night with respiration. Maximum oxygen concentrations were attained in the early afternoon (205-235% saturation) after approximately 10 h of photosynthesis. Early in the morning, when photosynthesis and temperature stratification commenced, oxygen concentrations increased rapidly in surface waters. Meanwhile, in the dark bottom waters, oxygen simultaneously declined by respiration thus turning anoxic around midday and staying so until between 20.00 and 00.00, when convective mixing re-introduced oxygen from surface waters and re-established homogeneous physical and chemical conditions ( figures 1-3) .
The same remarkable diel temperature and oxygen cycles-with anoxia in bottom waters during daytime stratification and oxic conditions during vertical mixing-were found across the studied lakes (table 1, figure 3 ). On days in early June 2016, the bottom waters in lakes 1, 2 and 4 all became anoxic from around 10.00 to 20.00, after which nocturnal convective mixing re-established uniform temperatures and oxic conditions until the morning. Lake 3 had almost permanently anoxic bottom waters except for brief periods around 06.00 and 20.00, when equal bottom and surface temperatures suggested particularly efficient vertical mixing of the water.
Anoxic conditions in bottom waters after midday induced accumulation of sulfide and ferrous iron (figure 4). Reduction of sulphate and ferric iron serve as electron acceptors during anaerobic respiration [21] . Sulfide accumulation in bottom waters was small; accumulation of ferrous iron was larger and continued throughout the stratified period, this shows that during anoxia, ferric iron was a more important electron acceptor than sulphate. Sulfide and ferrous iron were re-oxidized when oxygen was reintroduced to the bottom waters by vertical mixing. Ammonium accumulated to a small extent in the bottom waters during temperature stratification, whereas concentrations of nitrate (0.009-0.098 mM) and phosphate (0 -0.035 mM) remained close to zero. These low nutrient levels emphasize the oligotrophic nature of the studied lakes.
(c) Diel variations of pH and inorganic carbon
Rising pH during continuous photosynthesis in surface waters from morning to afternoon was accompanied by decreasing DIC, ANC and CO 2 and increasing CO 2À 3 (figures 1 and 2). This time course is the result of coupled CO 2 assimilation in photosynthesis along with CO 2 loss by calcification [16] (i.e. Ca 2þ þ 2HCO À 3 ! CaCO 3 (precipitated) þ CO 2 (assimilated)). Photosynthesis alone without calcification does not reduce ANC or calcium [22] 
). The decline of ANC in surface waters could be a result of CaCO 3 precipitating directly on vegetation surfaces because photosynthesis is coupled to calcification. More likely, it is a result of spontaneous formation and sinking of calcite crystals in the water since high pH converts HCO
3 ). The calcite saturation index (the ionic molar product of Ca 2þ and CO 2À 3 relative to the solubility product at ambient temperature) reached high values (around 10) in the surface water in the afternoon on all days in August ( figure 2 ). Consequently, it should promote calcite formation. Daytime ANC loss in surface waters was apparently mainly owing to precipitation and sinking of calcite crystals, which were re-dissolved in bottom waters because of high CO 2 and low pH. The dissolution of CaCO 3 resulted in accumulation of DIC, ANC and calcium in bottom waters until nocturnal convection broke the stratification. Surface water pH was lowest (around 8.0) shortly after sunrise and highest (9.4-9.6) in the afternoon after hours of photosynthesis ( figures 1 and 2 ). This development was accompanied by an almost complete depletion of CO 2 , 91%), calcium and DIC returned to surface waters before sunrise the following day by vertical mixing reflecting that most precipitated CaCO 3 from surface waters was re-dissolved in bottom waters with excess CO 2 and low pH (figure 4). Sediment incubations confirmed the release of two moles DIC for every mole of oxygen consumed owing to concomitant respiration of organic carbon and CaCO 3 dis- 
(d) Anoxic tolerance of charophytes
Charophytes were remarkably resilient to the adverse conditions that developed in the bottom waters every day. Tolerance tests showed that charophytes survived 24 h in darkness exposed to anoxic, reduced bottom waters with only modest reductions (16%) of the photosynthetic capacity upon re-exposure to light and aerated surface waters (figure 5). They even survived 72 h of permanent darkness in anoxic, reduced bottom waters, although photosynthetic capacity after this extended anoxic period decreased to one-third of the initial capacity.
Discussion
This study adds new dimensions to the understanding of environmental conditions and biogeochemistry in shallow vegetated lakes. The results confirm that, during summer, alternating temperature stratification and mixing are recurring daily phenomena in shallow vegetated lakes, because dense vegetation strongly attenuates depth penetration of light, heat flux and wind-driven turbulence during the day. Surface cooling at night induces penetrative convective mixing [15, 23] . Hitherto, very shallow lakes in open habitats have often been considered to be permanently mixed, and if stratification and oxygen depletion occurred it was confined to organically polluted lakes or to nocturnal periods during degradation of heavy phytoplankton blooms in hypereutrophic lakes [24, 25] . This study shows that daytime thermal decoupling between photosynthesis in the upper vegetation canopy and respiration in darkness in the lower canopy generated profound chemical gradients. Surface waters underwent oxygen accumulation and DIC depletion, while bottom waters underwent anoxia and DIC accumulation. Nocturnal mixing injected oxygen from surface waters into bottom waters thus re-establishing oxygenic respiration. At the same time, nocturnal mixing supplied regenerated DIC from bottom waters to surface waters for continued photosynthesis on the following day. If, instead of being returned to surface waters, regenerated DIC had been trapped more permanently in stagnant bottom water as in dimictic lakes [26] , which show full vertical mixing in spring and autumn and thermal stratification during summer [27] , photosynthesis would become severely constrained by DIC depletion since up to half of the DIC pool was lost from the surface waters during a single daytime period.
The contrast of the shallow, vegetation-rich lakes compared to lakes with less vegetation or greater water depth was striking [9, 11, 27] . Measurements for a full year in nine small, shallow Danish lakes (water depths: 0.3-2.0 m), showed vertical stratification on 67% of the days between early spring and late autumn [28] . On most occasions (94%), full convective mixing occurred during the following night. The likelihood of stratification increased from the shallowest lake (0.3-0.6 m deep) with few macrophytes that rarely stratified, slightly deeper lakes (0.4 -1.5 m) with more macrophytes which both stratified and mixed daily, to even deeper lakes (more than 1.5 m) that could remain stratified for several days [28] . The lakes in this study all fit in the second category in accordance with the statistical prediction of Martinsen et al. [28] .
The recycling of DIC worked as a biological pump, the carbonate pump [29] , and was characterized by carbonate precipitation in surface waters, carbonate dissolution in bottom Figure 4 . Depth profiles of DIC, Ca 2þ , ANC, Fe 2þ , P H 2 S and NH 4 þ in a shallow charophyte lake (lake 1) during a diel cycle. Measurements were carried out on 26 May at 06.00 (red), 11.00 (blue), 16 .00 (green) and 22.00 (orange). The water column was vertically mixed at 06.00, stratified below 0.20 m at 16.00 and below 0.25 m at 22.00. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171427 waters and return of DIC to surface water by mixing. The carbonate pump works on different timescales dictated by the mixing regime and, thus, depends on time of the year, lake morphometry and macrophyte density. In dimictic lakes the carbonate pump operates at timescales of several months such as 9 m deep Williams Lake, Minnesota, USA [27] . Calcifying Chara species grew to depths of 5 m and consumed 25-30% of the DIC pool in the surface waters of Williams Lake during summer stratification for 11 consecutive years, while input from tributaries and dissolution of carbonate in sediments and vertical mixing restored the surface water DIC pool from autumn to spring [27] . In comparison, the carbonate pump worked on a diel scale in the charophyte-rich shallow lakes examined here, and it can be absent in permanently mixed lakes [30] .
Polymictic lakes undergo mixing more than twice a year [26] and take a position between the daily recurring stratified-mixing lakes and the dimictic lakes. In polymictic lakes, stratification may last for hours [30] , days [28, 31] , weeks [32] or months [32] . Polymictic lakes may therefore share some of the features described here, though being less prominent. For example, the large (270 km 2 ) and shallow (6.0 m) Lake Võrtsjärv, Estonia, was usually fully mixed, but occasionally stratified for few hours during summer accompanied by hypoxia and CO 2 build-up in the bottom waters [30] . The charophyte-dominated Lost Pond, Minnesota (1.2 m) stratified for several days accompanied by bottom hypoxia [31] . Finally, prolonged anoxia in the bottom waters of Nakamun Lake, Alberta, Canada, (8.0 m) released sediment phosphorus, which was returned to surface waters by mixing [32] . Thus, polymictic lakes share some characteristics with the lakes in our study as they irregularly experienced oxygen depletion below the thermocline and the subsequent mixing events pumped nutrients and CO 2 from bottom waters to the photic zone. However, since convective mixing was insufficient to fully mix the water column in most polymictic lakes, they relied on wind for mixing and this process takes place on variable time scales depending on wind speed, lake depth and fetch. Productivity in the charophyte-lakes studied here benefit from the stratified and mixed conditions both taking place diurnally and it would be severely constrained in the absence of either process. The stratified conditions create the high CO 2 and low pH conditions in the bottom waters which enhanced dissolution of precipitated carbonates, while convective mixing returned DIC and other solutes to the surface water every night. This intimate diel coupling between substrate use and release by production and decomposition does not exist in polymictic lakes.
Despite the oligotrophic waters of the study lakes submerged vegetation is capable of building high biomasses [33] through nutrient uptake from bottom waters and sediments [34] . Nutrients released by mineralization from sediments are diluted in a gradually smaller water volume as depth decreases [35] . Shallow lakes also have small water volumes below the thermocline and a large percentage of the sediment is in contact with warm surface water stimulating mineralization and direct nutrient release to plant growth in the photic zone [7] . Overall, internal nutrient recycling can be several-fold higher than external nutrient loading in well-mixed, shallow lakes, while for the same external loading, internal nutrient recycling may be several-fold less than the external loading in deeper dimictic lakes [36] . Consequently, the critical thresholds of external nutrient loading between oligo-, meso-and eutrophic lakes decreases markedly with increasing water depth [35] . Moreover, the sediment nutrient pool can be directly taken up by rhizoids and incorporated in new Chara growth. Thus, despite undetectable nutrient concentrations in the water, characteristic of very oligotrophic lakes, the charophytes could attain dense biomasses and high metabolic rates typical of eutrophic lakes [37, 38] , owing to efficient recycling and sediment exploitation of nutrients in the small study lakes.
The dense vegetation absorbed almost all of the photosynthetic active irradiance and could attain high rates of photosynthesis, particularly before noon, when DIC and CO 2 concentrations were high in surface waters [39] . Depletion of DIC and CO 2 along with accumulation of oxygen in surface waters, as the result of intense photosynthesis from morning to noon, suppressed photosynthesis in the afternoon [39] . On a daily basis, photosynthetic rates relative to water volume in the shallow vegetated lakes were, nonetheless, higher than in nutrient-rich phytoplankton communities in lakes and estuaries [37] , because light absorption and photosynthesis were confined to the upper 10 cm of the plant canopy [37, 40] . These high volumetric rates of daytime photosynthesis and nocturnal respiration [10, 37, 39] drive the profound diel and vertical changes of oxygen and inorganic carbon concentrations as well as pH observed in the study lakes. Recent work on wholelake metabolism has focused on the heterogeneity of metabolic rates within the water column [41, 42] and with particular emphasis on the metalimnion [43] . The metalimnion is defined as the layer in the water column where the density gradient is steepest resulting in a highly dynamic physical and chemical environment [7, 44] . Thermal decoupling of the surface water (epilimnion) from the bottom water (hypolimnion) means that nutrient, DIC and oxygen gradients build up in the metalimnion. In oligotrophic lakes where the euphotic zone may extend below the metalimnion, the increased access to nutrients means that the metalimnetic phytoplankton communities contribute with a disproportionally large amount of the whole-lake productivity [43] . However, in the oligotrophic and shallow lakes studied here, very little light is available in the metalimnion because the majority of the light is attenuated by the canopy of the charophytes above [15] . Therefore, the metalimnion communities contribute with little to none of whole-lake productivity. This situation is directly analogous to the metalimnion of eutrophic and hypereutrophic lakes in which productivity is also severely constrained by lack of light [41, 43] . Organisms have to adapt to the extreme environmental gradients in these shallow lakes. The basal parts of the vegetation below the diel thermocline were exposed to up to 12 h of anoxia and accumulation of potentially toxic sulfide and ferrous iron. Simultaneously, apical tissues experienced wide diel amplitudes of temperature, oxygen and pH. The dominant charophyte vegetation in the lakes, in contrast to rooted plants [45] , lack air lacunae for longitudinal oxygen transport from apical to basal tissue located in anoxic waters and sediments [34] . Experiments showed that charophytes possessed efficient anaerobic respiration which generated as much CO 2 as aerobic respiration [46] . Tolerance tests showed that charophytes survived 24 h in darkness exposed to anoxic, reduced bottom waters with only modest reductions of the photosynthetic capacity upon re-exposure to light and aerated surface waters. They even survived 72 h of permanent darkness in anoxic, reduced bottom waters, although photosynthetic capacity after this extended anoxic period decreased to one-third of the initial capacity. The dominant charophytes were remarkably robust to the adverse conditions that develop below the diel thermocline. The marine seagrass Zostera marina also experience anoxic conditions but showed much less resilience to anoxia as it took severe damage after only 1 h and died after 8 h in anoxia at 308C [47] . By influencing the mixing regime of the lake [15] , the dominant Chara species contribute to creating adverse conditions in the bottom waters to aquatic plants and their own surprisingly high resilience give them a competitive advance which contribute to their ability to form dense, monospecific stands in these shallow lakes. Highly efficient HCO À 3 use and ability to maintain photosynthesis at low DIC levels further contribute to the development of these dense charophyte stands.
The large diel temperature and oxygen amplitudes in the study lakes also present a challenge to animal survival. Motile organisms can move to suitable conditions in the water column [48] . They can escape high temperatures in surface water during the day by moving mere centimetres down the water column, though lower oxygen concentrations there may present a new challenge to meet respiratory needs. Thus, selection is expected to drive adaptations and behaviour of animals towards improved tolerance to high temperature and/or low oxygen concentration. Before sunrise the well mixed water column is hypoxic as oxygen saturation drops to 10 -50% which challenge sessile and motile animals alike.
Charophytes and many rooted plants are efficient calcifiers and HCO À 3 users [16, 49] . Calcification delivers protons and ensures conversion of HCO À 3 to free CO 2 for continued photosynthesis without increasing pH to inhibiting levels (i.e. Ca 2þ þ 2HCO À 3 ! CaCO 3 þ CO 2 ). By contrast, HCO À 3 use without calcification increases pH (HCO
which may inhibit further photosynthesis. In the biogeochemical cycling in the shallow lakes, the dissolution of CaCO 3 in bottom waters and the re-supply of DIC to surface waters during nocturnal mixing can ensure that high photosynthetic rates are maintained day after day. In addition, high photosynthesis can provide the necessary energy to support the high respiratory demands of the dense vegetation [10, 37, 39] . Our findings of extreme vertical and diel variability of temperature, oxygen, pH and solutes are not confined to shallow lakes with charophytes. Given that the stabilizing effect of the vegetation cover prevents mixing at very shallow depths such diel stratification events are probably also present in flooded marshes and shallow vegetated areas along shores in larger lakes.
Conclusion
Shallow lakes by far constitute the most common lake type throughout the world [7, 50] . The preference for studying large lakes with deeper waters, however, has given us a skewed perception of environmental conditions, species adaptations and ecosystem processes for the natural range of lentic water bodies [6, 11] . The results of this study reveal extreme diel variability of temperature, oxygen, pH and DIC along with a novel discovery of anoxia and reduced ions in the bottom waters during daytime stratification. The extreme amplitudes of temperature and oxygen suggest that the evolutionary processes of freshwater species could be particularly important in small, shallow lakes because their high abundance [7, 50] and challenging environmental conditions can promote species adaptation to high temperature and oxygen stress [51] .
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